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conventional flight in!truments after flying a simulated night over-water

rescue mission. The 'rnluation revealed that the simulated aircraft dynamics
were susceptible to pilot induced oscillations in a hover and, therefore,
unsatisfactory for use as an evaluation tool. In general, the evaluation
pilots considered the integrated display preferable to conventional cockpit
instruments: however, further study is recommended since meaningful
quantitative data erA not obtain-d.
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A &STRACT

This report discusses the devolopment and evaluation of an inte-

grated electronic inntrument display designed to help alleviate pilot

work load and improve aircraft control during the precision hover task

while flyinq, solely.by reference to instruments. The evaluation

utilizes a hybrid com uter system to implcment a six-degree-of-freedom

fixed-base simulation of the S1-2F helicopter and a graphics processor

to generate the integrat-d instrtinont displey. Evaluation pilots were

asked to rate the integr-pted display against conventionnI flight

instruments after flying a simulated night nvor-'-.tater rescue mission.

The evaluation revealed that the simulated .Are nft iynamics were

susceptible to pilot ! rJucMd oscillAtions ir, a hover An, therefore,

unsatisfactory for use as an evaluntion tool. In general, the evaluation

pilots considered the integrated disnlny profornble to conventioral

cockpit instruments: howver, further rtudy is rico mnerJed since

meaningful qunntitative dr.t& ware not cbiv.Air.-d.

Best Available Copy
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LIST OF SY!*:%OLS

g Acceleration of gravity. ft/sec2

IxxD lyy. Izz Moment of inertia about the x, y, z body-fixed
axes respectively, slug-ft2

xz Product of inertia, 5xz dm, slug-ft2

L, M, N Aerodynamic moments about the x, y, z body-fixed
axes respectively, ft-lbs

m MAss of the helicopter, slugs

p, q, r Angular rates about the x, y, z body-fixed axes
respectively, radians/sec

U, v, w Velocities along the x, y. z body-fixed axes

respectively, ft/soc
Vx , V, Vz  Velocities along the X, Y, Z exos of the inertinl

reference frame, ft/sec

XA* YA' ZA Aerodynamic forces alon., tho x, y. z boiy-fixed
axes respectively, lbs

XE. YE. ZE Coordinate position of helicopter in the inertial
reference frame, ft

AAlc ABIc Change in lateral and longitudinal cyclic pitch
respectively from reference values, radians

Aec Change in main rotor collective pitch fromreference value, radians

Change in tail rotor collective pitch from
reference value, radians

Subscripts

p, q, r, u, v, w Used with X, Y, Z, L, I, N to iniicate the
Alc, Bic, ea. Vr pArtial derivative of an nerodynnmic force ormoment with respect to p, q, r, u, v, w,

Ale, Bic' Gc0 Or respectively
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I. INTRODUCTION

Almost without exception, knowlodgeoable hel.icopter pilets will agree

that a lengthy procision hover corn1ucted solely by reference "to instru-

ments is one of the most domanitng of ai helicopter piloting skills.

The term "knowledgeable' isised because the vast majority of helicopter

pilots are not sufficiently f&mi).iar with t.ho instrument hover task to

appreciate its difficulty. Most mission3 of uhich the helicopter 3s

capable, including both civil and military, do not require a lengthy

precision hover under instrument flight conditionn. 'Nvo principle

excep+ions to this situation are the Navy anti-submarine warfare (ASW)

mission and the Aavy and Coast Guard requiremn'nt for .kll-weather,

day-night, over-water rescue capability. At a recent Helicopter

Instrument Flight Conference hosted by the US. Army Avintion Systems

Command LjRef. i7 only the U.S. Navy identified the need for increased

capability to conduct precision hover opcrations under instrumont flirht

conditions. A Navy representative to the conference described night

over-water flight conditions as r~n "ink bottle" flifht onviro:mtit

requirin3 the pilot to be on the ganes 100% of the time.

Although the NAvy has attemptod to reduce tho pilot uork load

required for the precision hover task by the use of automatic flight

control systems (AFC3), it has boon the author's exp~rinnce that present

generation AFCS reliability leaves much to b desoired. h lsion

completion has often ben the result of nkll]ftl pilotir, requiring

the use of convntionAl flight instruments. Future gonnration AFCS

reliability will probsbly Iw-prove Init tho nvtoi nlabi.My of a gnc.,i

1o



secondary capability should not be ignored in view of tho critical

requirements for both flight safety and mission completion. It is felt

that sr,"h a capability can be achieved by providing the pilot with an

improved flight instrument display. Sach a display should provide the

pilot with conventional flight instrument information in a compact,

easily recognizable form. Thb compactness should r-duce scan time and

-improve control and the easi3,J recognizable form should allow a smooth

transition frort conventional flight instruments to the improved display. 2

It was proposec that such a disp1zy in the form. of an integrated

electronic instrument display would satiafy the above requirements. I
An integrated instrument display was devoloped using the Scientific

Daa Systems model 9300 digital con.puter And the Adage AGT-1O graphics

processor. The display was then evaluated ard compared against

conventional flight inttmunents utilizire, a i.grco..of-frodor

fixed-base simulation. Tha simulttion riodleed thie Kaman Aorospace

Corporation SIi-2F "Seasprite" helicopter uring_ r. nodifcied linI: Aviation

Corporation instrument flight trainer and P CO.COR CI-5000 analog

computer. Various rmodels of tlo H-2 helicopter have boon used

extensively by the U.S. 1.4vy for tho all-woatheir resue mission. Test

subjects used for the evaluation wore floot.exptrienced Navy helicoptnr

pilots who wer familiar with the all-weather rescue mission. They were

asked to rate the normal flight inatrw'ents and the integrated displAy

systems using the Cooper-HArpor Rating System aryl to offe: ubjective

comments on the systers.

III



I. SIMULA iON

A. MAJOR EQUIPrNT

The major equipment used for the simulation was a Scientific Data

Systems model 9300 digital computer, a COMCOR CI-5000 analog computer,

an Adage AGT-iO graphics processor and a modified Link Aviation - -

Corporation AC-11B Instrument Flight Trainor. In addition a closed

circuit television system was used to transmit the graphics display from

the AGT-10 output terminal to a small. monitor located in the cockpit of

the instrument flight trainer. A schematic dra.ing of the equipment A

Iwhich was tied together through trunk lines is shown in Figure 1.A

B. AIRCRAFT DYNAMICS

The simulatod ircraft was tho Kaman Aerospace Corporation SH-2F

"Seasprit" hnlicoptcr which is currently operated by the U.S. Navy in

its anti-submarine warfare mission. The flight dynamics of the SH-2F

wer achieved by solving the aircraft equations of motion in six degrees

of freedom using the analog and digital computers. A full development

of the equations of motion is contained in Ref. 2 but it will be

briefly reviewed hero in order to corrct some printing errors that

exist in the final equations.

Eu3er's equations of motion of an Aircraft subject to aerodynamic

and gravity forces are

12
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%r applying classical small disturhance theory, rissuming no

coupling between longitudinal and latoral motions and assuning speed

effects on some stability derivatives to be negligible the equations

become

- XA(U) + XA(O) + X(O) + +. Xkc(O)ABIC

+X (u) -si nO +rv-qw

v Yv(o) v + Yp(0) p + Yr(0) r + YA(O)AA Ic

+ YA( o)A e+ -ru+g s iq5cos

=ZA(u) + Z(0) + Zq(0) q + Z w(U) ii + Z i1 (u) ABc

+ Z (O)AOC + qu -pv + g cns cos
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p = i + L (0) p + L (0) r + L (0) v +LA ()AA
I P r v I

R R

MA(u) +M(0) q + M+(0) w+ M (u)LB + Mo A

IXr ZZ + )  N (0 ) p + Nr(u) r + Nv(U) v + NAIc() 6A c

+ N8R OR

Stability derivatives supplied by the manufacturer were normAlized

with respect to mAss or the appropriate moment of inertia. A corrected

listing of the normalized stability derlvatives from Ref. 2 is provided

in Table I. The derivatives apply to an aircraft with a gross weight

of 12,577 pounds nt starx.ard sea levO Atmospheric conditions,

Euler angles were calculated usinsc the following equations -ef. ?7

- q cos - r sin ,

q L0-0- + r C -
cos0 cosG

= p + 4' sin 9

Inertial velocities were calculated by resolvirc the body-fixed axes

velocities through the Euler an-).es usin, the follovtirg equations LRef. 77
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LE

0 KTS. 30 TS. 50 KTS. 0 KTS. 91 KTS. 112 KTS. 136 KTS.

XA(U) 0 .2328 -. 501 -3.814 -6.847 -10.62 -15.51

X8(a) 25.06 22.88 29.96 19.94 17.55 17.62 20.45

ZA(u) 0 -9.272 -5.854 .6023 6.554 18.76 34.34

SZw(U) -,4045 -. 5092 -. 5843 -.6368 -. 6682 -. 6875 -. 6928

ZB (u) 4.567 35.35 64.79 97.41 131.1 164.4 197.4
le

1.(u) -. 0215 -. 0261 -. 0298 -. 0352 -. 0409 -.0464 -.0519

MA(U) 0 .1417 .1940 .2244 .2610 .2456 .1835

MB (u) -12.17 -12.22 -i2.34 -12.54 -12.82 -13.04 -12.15

Nr u) -.5871 -.7410 -.8881 -1.080 -1.269 -1.447 -1.622

Nv(u) .0172 .0202 .0227 .0272 .0312 .0252 .03)9

XA(O) 2.8C6 Y (0) -1.139

Xq(0) .8689 Yr(0) .9627

xw(o) .0491 YAlO) 42.63

iBIc (0) 40.03 YOr (0) 18.16

ZA(O) -32.08 LP(O) -2.425

Zq(O) .5228 Lr(O) .4082

Sec(0) -208.2 LA 1c(O) 36.51

Mq(O) -.7853 Ler(0) 7.075

Mw(O )  -.0002 Np (0) -.0072

M8 (0) .7789 AI (0) 1.877

Yv(O) -.0338 NOr(O) -11.86

TABUI., -- STAL]LIT DPIIVIAT1V-Li
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Vx= u Cos8 cos1P+v (sin.:in o c cos# sin:,)

+ w (cos 0 sin8 cosq + sin, sin*)

-u Cos 0 sin 4r + v (sin# sin e sin tk+ cos SS cos 4t

+ w (cos (P sine sin q, - sin , cos q)

V =-u sin +vsinocose +i.cos4 cose

Inertial position which was an imprtant pArt of the simulation was

calculated by numerical integration of the inertial velocities.

C. DIGITAL COMPUTER PROGRAM

The digital computer was the brain of the simulation. It was used

for control of the simulation, data storage and access, initializntion

of the analog and grAphics computers, nrd performanee parmeter

calculations. It provided inputs to the analog computer fn' solution

of the equations of rotion and generated the datp required for the

graphics processor to produce the instrument display. In addition, it

was used to calculate inputs for two cockpit instruments, the airspeed

indicator and the rad.r altimeter, which had piece-wise linear scales

that precluded a direct connection to an analog output.

A significant problem which developed durina initial testing of the

integrated display using the rnalog si:rvlntion was Ptabilitty. V.nAy of

the analog inputs are generated in the digital compter by rathem^atical

operatir,, on, or using information derivd from, analog outputs. This

procedure is cyclic And is termed the dynamic loop. The time required

to generate the data for the moving portions of the integratod instmment

display, and for the crow directions, cAusod tho tot,,l tima for the

1.



dynamic loop to exceed th: stability limits for the simulation. This

resulted in divergent pitch and roll oscillations. A major clean up

effort was made in the program to shorten the time required for the

FLY, IMT and CRSW subprograms. This resulted in a significant reduction

of the time required to cycle through the dynamic loop which restored

stability to the simulation.

A listing of the digital computer program is provided in Appendix A.Ii
In addition, a listing of the FORTRAN variables used in the program

together with their definitions is provided in Appendix B.

D. ANALOG COMIUTER PROGRAM

The analog computer was used mainly to solve the aircraft equations

of notion which were discussed previously. Additionally, it provided a

logic interfacu between cockpit control switches and the digital . puter

and a direct interface for signrals from 'he digital computer to the

cockpit airspeed indicator and radar &l Licta.r. The nalo,- pre,-,im was

essentially the one developed by Hoxie and reported in Ref. 2. Sone

minor changes were made to the program and are included in Appendi x C.

Inputs were provided to the analog computer from the cockpit and

from the digital computer through digital tc analog converters. Signals

from the cockpit wore in the form of D.C. voltage signals from sinTalation

contr-A switches and from potentiometers attached to the flight controls.

Output signals from the analog computor wnre used as inputs to cockpit

flight instrimonts and to provide tho digital computer with necessaty

infor-tion.

18



The analog computer patching diagrams and potentiometer settings are

contained in Appendix C. Table CT in the Appendix lists the trunk lines

running between the analog computer and the cockpit together with the

slignals carried.

E. GRAPHICS COMPUTER

The graphics computer was used to generate the integrated electronic

instrument display which was evaluated. Existing software fef. .7

permitted easy interface between the graphics processor and the FORTRAN

program used for the digital computer. The instrument display, was

generated in two steps from data supplied by the digital computer. The

static portions (scale marks, numbers, etc.) were generated during the

ir lization phase of the simulption from data generated by the digital

program subroutine DSPLY. Then during the simulation the dyramic

portions of the display (pointers, horizon lino. etc.) were generated

from data pro-ided by the dlgital program subroutine INST. In addition,

simulated directions from the rescue aircrewman were provided to the

graphics processor by the digital prograr subroutine CREW.

F. COCKPIT

The cockpit used was a Link Aviation Corporation AC-11B Instrument

Flight Trainer which has undergone extensive modifications. Modifica-

tions to allow interfacing pIth the Analog copter used for this

evaluation &re reported in Refs. 5 and 6. Additional minor modifications

to permit the trainer to be used as a helicopter simulator are reported

in Ref. 2. One cockpit flight instrument, the direction velocity

indicator (DVI), was not availabln for use in the simulation. This

instrument which Is simiiar in &ppeararnco to en instrut-lent larding

19



system (ILS) indicator with the addition of a vertical scale on the left

side is used to provide the pilot with velocity information derived from

the helicopter's doppler radar. It was easy to simulate this instrument

graphically, however, with very little loss of realism so, a graphical

DVI was used in conjunction with the normal cockpit instrument display.

Its location on the TV monitor placed it outside the optimal scan

pattern when using the normal flight instruments, however, this was

thought to be a minor inconvenience which would not appreciably affect

the results of the evaluation.

Simulation control switches utilized by Hoxie fRef. 7 were also

used for this evaluation with the exception that the NORMAL-AUTOMATIC

switch which was used to control the type of instrument display

generated by the graphics processor was changed to NORMAL-INTEGRATED.

Its function was to select the type of instrument display desired. The

NORMAL position selected the cockpit flight instruments and the

INTEGRATED position selected the integrated display in addition to the

cockpit flight instruments.

Signals carried by the trunk lines between the cockpit and the

analog computer are shown in Table C1.

2'0



III. INTEGRATED ELECTRONIC INSTRU!eN DISPLAY

The integrated electronic display which was evaluated was developed

with two basic ideas in mind. First, was to desiign a display which

would be compact. This would reduce pilot scan time and hopefully

increase the accuracy of aircraft control which would result in a more

precise hover. Second, was to keep the display format as close as

possible to that of convontional flight instruments. This would reduce

or eliminate any pilot learning or adjustment time and permit easy

transition from conventional flight instruments to the integrated

display.

The display which was developed is shown in Figure 2 for two flight

conditions. The top photograph shows the helicopter in a level cruise

condition at 500 feet and 70 knots. The bottom photograph depicts the

helicopter in a stable hover at an altitude of 40 feet. Figure 2 shows

the display at approximately one-half actual size.

The reasonin- behind the display design was simple but hopefully

straightforward. Radar height information was depicted an a vertical

scale with a sliding pointer. This was to provide a clearer analog

correspondence to the actual physical situation -- height above the

ground -- than that provided by conventional circular instruments. It

is located on the left side of the display to provide direct corre-

spondonce with the flight control which is primarily used to control

altitude -- the collective pitch lever. The airspeed scale, likewiso,

is located on the right side of thn display to correpond to the

right-hand flirlht control -- cyclic pitch.

21
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Figure 2. Ilntegrated Electronic Instrument Display
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Velocity information derived from the helicopter's doppler radar was -

displayed in a format almost identical to that -)f the conventional DV2T

instrument. Normal cockpit flight instrument arrangements have the DVI

located above the attitude gyro Indicator; however, in the integrated

display it was located below the attitude gyro next to the radar

altimeter scale. The reason for this can be understood by examining

Figure 2. Note that in the situation shown in the bottom photograph,

which is the desired condition for a precision hover, the radar

altimeter pointer, the doppler vertical speed pointer and the doppler

fore-aft ground speed line are in a horizontal line across the botto!!i

of the display. Any deviation from the desired hover condition should

immediately be noticed by the pilot as a deviation of this "line'. This

should decrease reaction time in correcting for deviation of these

parameters and, therefore, result in a more precise hover.

Pitch and roll attitude information was portrayed in a conventional

format and since a central position was desired it was located at the

top center of the display. Turn rate and slip information which is

almost useless in a precision hover was depictnd in nearly conventional

format in the upper right area of the di: play. The turn needle slides

horizontally under the standard rate turn scale marks rather than

rotating about its lower end as in a conventilnal turn indicator. Turn

and slip information is, however, important for the instrument approach

flight condition which is discussed later.

Heading information was displayed as a horizontal tape slidi:g past

an index pointer which indicated actual heading. The tape moved as one

would expect (i.e. right to loft for a right turn) instead of backwirds

which is the characteraHstic o. thn old-stylo horizontul directionnl

23



gyros four in older aircraft. Most pilots prefer the circular vertical

card display for heading, however, limitations in the graphics processor

precluded displaying a circular compass rose which could rotate. This

situation could probably be solved if a special purpose integrated

electronic display were to be developed. Since heading information is

of minor importance during the precision hover task due to good heading

hold features of helicopter automatic stabilization equipment this

limitation was considered to be a very minor drawback to the evaluation.

During developnent of the display the digital computer program which

generates the graphics data for the display was intentionally kept as

general as possible. This permitted such parameters as locaton, size,

and spacing of the individual instruments to he chang3d with a minimum

of program changes. Mna, combinations of the above parameters we-eo

tried before arrlvinr., At the finAl display sho--m in Figure 2. The basic

display is the author's idea of how it should look; however, suggestions

concerning the display were solicited fromi experienced Navy helicopter

pilots during its development. These suggestions resulted in some

rearrangement of the individual Listruments which, hop(fully, led to a

practical, well-designed display.

24



IV. EVALUATION

A. TASK

The final approach and precision hover phases of a night over-water

rescue mission were simulated for the evaluation. The aircraft was

situated two nautical miles from the target at an altitude of 500 feet,

heading towarL the target at a speed of 70 knots. This permitted time

for the test subject to become comfortable flying the simulator and to

descend to 150 feet before reaching the one nautical mile "gate" position.

At the gate position the pilot commenced a descent and a deceleration to

arrive over the survivor in a hover at an altitude of 40 feet. Since a

rescue aircrewman was not available, appropriate directions to the pilot

were supplied via the integrated display in the forw of stondard movement

commands f ef. J to position the aircraft over the survivor. The pi ot

was required to maintain a hover position within an area of '! 30 feet

of the survivor for two continuous minutes to effect the pick-up. An

additional 30 seconds were then required to hoist the 3urvivor aboard.

'riming was not started until the airerrLft was initially maneuvered to

within t 9 feet of the survivor. If the helicopter drifted outside the A

- 30 feet area timing was stopped and then restarted at z ero whenever

the aircraft was again maneuvered to within t 9 foot cf the survivor.

After retrieving the survivor the pilot departed straight ahoand climbing.,

to 500 feet. This completed the tack.

B. PILOTS

Five fleet-oxparienced N1vy helicopter pilot, wore used for the

evaluatlon. All of then were familApiar with the over-wrtor ren.cue

25



mission and all of them had flown either or both of, the U.S. Navy model

H-2 or H-3 helicopters operationally. Both of these helicopters are

used for over-water rescue missions and both have similar cockpit flight

instrument displays. Pilot experience is listed in Appendix D together

with the rating-s they assigned to the two instrument displays.

C. FAMILIARIZATION

Each evaluation pilot was given a short briefing on the simulation

and the equipment. He was told basically how it worked and how it could

be controlled from the cockpit. He was advised of the peculiarities of

the trainer and how it would differ from a real helicopter. He was

told what the evaluation task would be and what would be expected of

him. The Cooper-Harper rating scale (Figure 3) was explained and he

was asked to keep this scale in mind while flying the simulation.

Each pilot was thun given the opportunity to fly the helicopter

until he was comfortablo with its handling qualities end failiar with

the instrumontation. Durin this time he made several practice approaches

to a hover using both instrument systems.

D. EVALUATION FLIGHTS

After sufficiont familiarization the pilots each made two flighte

for the record duriii which they completed the evaluation task. Daring

one flivht conventional cockpit flight instruments were used and during

the other the integrntod display was used. During the flights,

"perfortane indicotors" 4n the form of root mean square values of inertial

velocities anJ inortial positicn were computed by numerical integration

usin,' the digitnl crnutor, CUImputation of thoso vslues was started

whenov, r th ho]iccptor was firpt, vrithin . 9 1'fot of the survivor alri
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continued until the rescue was offected. Computation did not restart if

the helicopter drifted outside the pick-up area.

At the end of the flights each pilot was asked to rate the

conventional cockpit flight instrment displny using the Cooper-Harper

rating scale. Then using this rating as a base line he was asked to

assign a rating to the integrated display. Hm was also asked to give

arV subjective comments concerning the integrated display that he cared

to make. The ratings are listed in Appeniix D.
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V. CONCLUSIONS

The primary conclusion of the evaluation was that the aircraft

dynAmics portion of the simulation was unsatisfactory and did not

adequately represent a real helicopter in the hover flight condition.

Four of the five evaluation pilots were not able to complete the

evaluation task within a reasonable time period. The simulaited aircraft

was particularly susceptible to pilot induced oscillations in pitch and

roll while in a hover. These oscillations tended to be slightly

divergent which resulted in the pilot being unable to maintain the

required hover position for the required time. In a few instances

complete loss of control resulted. Maintainlrg control required

intense pilot concentration on pitch and roll attitude which often

resulted in ]ar~e altitude excursions and the frequent display of the

"PULL UP -- YOU ARE LOW.4" crew command. Although Hoxie fRef. 2/ reported

the aircraft simulation to be satisfactory, examination of the pilot

task used in that evaluation showed thAt the pilot was requircd to

maintain a position within + 40 feet of the target ard to maintain it

for only 45 seconds. Timing was started as soon as the aircraft ws

within the prescribed area. The target area dimiensions used by floxie

were more than 30 larger than those used An this evalliction. In

addition, the 45 second time period required to complete the task is

unrealistically low. It is felt thnt oven the two minutos used in this

evaluation is very low compared with that which is encountered in an

actual night ovor-wator rescue. The tircraft sipmlantion is, therefore.

unsatisfActory for evaluations of thi.: type if reel.Lstic paramntors for

hover time and porition are specified.
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All of the evaluetion pilots preferred the integrated display over

the normal cockpit instruments, but some were more enthusiastic toward

it than others. Areas receiving the most comments were the radar

altitude scale and the relative locations of the radar altitude scale

and the doppler vertical speed scale. The evaluation pilots preferred

the vertical style scale used for radar altitude over conventional

circular instruments. They felt it was a more meaning'ul representation

of altitude. Four of the five pilots commented on the relative location

of the radar altimeter pointer and the doppler vertical speed pointer

in the hover flight condition. They liked the fnct that in a hover

the pointers were close and lined up so that deviations could easily

be noted. Several pilots commented that these scales were particularly

easy to interpret.

The area of the display which received the most negative comment

was the attitude gyro. Three pilots thought that it should be larger

so that small attitude changes could more easily be made and that small

deviations could more easily be noticed. It should be noted that

helicopter pilots .re particularly aware and concerned with attitude

chanvres espocially in a hover. In fact most helicopters are equipped

with attitude ryro indicators which tre uach larger than those used 5.n

most fixed wir aircraft. One pilot commented on the lack of three-

dimensional dopth for the integrated dinplay attitude indicator. This

was probably duo to his familiarity with the conventional attitude

indicator which displays attitude as the rotation of a sphere about two

perpendiculAr horizontal axes. Two pilots suggested the incorporation

of additional pitch scalo linns on thm indicator to indicate divisions

of five degrees.
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As was mentioned earlier only one of the pilots, Pilot B. was able

to complete the task in a reasonable time period of practice. TAble 1I

shows the performance indicators which were calculated for Pilot B.

~~~V (fps) V (fp fp) Xft (t Z()

Normal 7.Nrme 1.38 .43 7.03 10.4 8.4 76.4Instruments

Integrated 1.91 1.48 3.23 16.4 20.4 47.4
Display

Ideal -0. 0.0. O.. . M0. 40.0

TABLE II. PILOT B RrRFORMANCE INDICATORS

Note that when Pilot B was flying using the normal instruments his

attention was evidently concentrated on maintaining m iniure horizont;l

velocities. This resulted in snmla]. horizontal position deviations but

large altitude variations. When flying while usirg the integratei

display his altitude ccntrol was significantly better but horizontal

control was less. Closer control of altitude deviations is also evident

in strip chArt recordivws which were made of Pilot B's collective stick

control inputs. These recordings which have identicel scales are

shown in Figure 4. Note that the frcquoncy of significant control irpUtL

is much higher for the integrated display than for the normal displa,.

Pilot B commented that when flying while using the integrated displAy

he was forced to pay more attention to altitude control . his

peripheral vision picked up the movement of tho radar altitude and

doppler vertical spned pointers. 11e mentioned that his scpn tenz.od

to broak down when usin.; either dispXi .,-uA that ho v.ould f~xntc on; the

DVI because of the intense control. reqiirod to accomplish the task.
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It was concluded that an integrated electronic instrument display

such as the one evaluated would probably be an asset to safer, more

precise helicopter hover operations. However, due to the difficulties

experienced with the aircraft dynamics used in the simulation, additional

study should be undertaken with this or similar integrated displays

before any accurate conclusions are drawn.

The display which was developed for this evaluation could easily be

modified for other uses in a helicopter. The DVI could easily be

converted for use as an instrument landing system (ILS) indicator or

as a TACAN course deviation indicator (CDI). The radar Altitude scale

could Also be chanoed and used to display barometric altitude when the

aircraft is flying At higher altitudes.

It was suggested by one pilot that since a display of this type

would probably be generated by a special purpose micro-computer its

potential was almost limitless. He suggested displaying a target

irdicator, which would be set upon first passing over the target, whose

position relative to the center of the DVI would indicate the target's

actual position relative to the aircraft. Target position would be

generated from the initial position and the integrated doppler velocities.

This would virtually eliminato the need for continuous crew-to-pilot

com.unications now necessary for an efficient rescue operation.

Most military helicopter pilots .are aware of the advances which

have been made in the areas of integrated electronic and "heads-up"

instrument displays for fixed wing aircraft and they are concerned that

little is being done to help alleviate their work load using similar

technology. An eroa ripe for application of this technoloy is the

proci.sion hover conductnd whi.le flyine solely 1 y referenco to instramnts.
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APPENDI( A

DIGITAL COMPUTER P OIRA 310M

This appendix contains a listing of' the digital comiputer program

which is written in the Scientific Data Systens FORTRAN IV languAge.
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~~APPENDIX B .

DIGITAL COM'UTER PRCGRAM FORTRAN VARIABIES

L

ABS Absolute value -- intrinsic subprogram.

ADK External subprogram used to perform analog to digital
conversion.

S

AIRN0JM Airspeed numbers -- array containing the numbers for the
[airspeed scale.

ALTNUM Altimeter numbers -- arrey containing the numbers for the
radar altimeter scale.

A AX Maximum value of two arguments -- intrinsic subprogram.

AMIr: Minimum value of two argumonts -- intrinsic subprogram.

AROLL Absolute value of ROLL.

ASCALE Angle scale -- scale factor for convertin an ar:,le to a
linear displacen-nt.

ASI Airspeed indicator -- scaled velue of airrpeed sent to
cockpit indicator.

ATAN Arctangent -- intrinsic subprogram.

AXE Absolute value of X.E.

AYE Absolute value of YE.

BASE Base -- length of thet brise of the trianr'ular pointer: used
in the integrated display.

BETA Sideslip angle.

CFPNUM Composs numbers -- arroy containing the number, for the
COMpaSS scale.

COMPUTE External subprogran used to plnce thn annlog computer in
the "computu" , od .

COS Cosine -- intrinsic ouh!,rn',ram.
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COSPHI Cosine of PHI.

COSPSI Cosine of PSI.

COSTHE Cosine of THETA. -I

CREW Crew -- subprogram which generates directions from a
simulated rescue aircrewman. 

CRWDIR Crew directions -- array containing crew directions.

DI Length of a scale mark on the compass heading scale.

D2 Length of a scale mark on the compass headin3 scale. ]

DAIC AA1c

DAC External subprogram used to perform digital to analog
conversion.

DALT Altimeter division -- distance between divisions of the
radar altimeter scale.

DC.MPS Compass division -- distsnce between divisions of the
compass heading scale.

- DDVI Direction velocity iMicator division -- distAnce between
divisions of the direction vclocity indicator scale.

* DGINIT Graphics initialization subroutine.

DL Long displacement -- length of a long scale mark.

DRVNAM Derivative name -- array containir- the names of the
stability derivatives.

DRV Derivative -- array containing the aArspoed depandont
stability derivativos for a specified airspeod.

DRVTAB Derivetive table -- array containing the airspeed
dependent stability derivatives for sevoral airspeed3.

DS Short displacement -- length of n short scale mark.

DSPD Speed division -- distance bntwovm divi.!ioni of the
airspeed scale.

DSPLY Display -- subprogram which qonrrrtos the static portions
of the intogratC. instrumont d.splay.

DT Time into rval.

69i
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DTHR AOR

DTHRC Value of A19R required to maintain zero sideslip flight.

DTINIT Text initialization subroutine.

DTURN Turn division -- distance between marks of the turn
indicator.

DVSI Vertical speed indicator division -- distance between
divisions of the vertical speed indicator.II

EPS Small angle.

FLTIM Flight time.

FLY Fly -- subprogram which generates information for and
controls the solution of the helicopter dynamics.

GCOS PH Factor in Z-Force equation.

GRAPHO Graphics output -- oxternal subprogram, used to output a
graphics array to the graphics processor.

GSINPH Factor in Y-Force equation.

GSINTH Factor in X-Force equation.

MGT Height -- height of the triangular pointers used in the
integrated display.

HOLD External subproram used to place the analog computer in
the "hold" mode.

NOVTIM Hover time -- elapsed time within n specified distance
from the target.

I Integer countor.

IAL'3 Altimntor -- graphics data array for the radar Altimetor
scale.

1A LF1" Altimet-r pointer -- graphics data arrav for tho radar
altimetfr oi ntur7
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IBALL Ball -- graphics data array for the slip indicator ball.

IBANK Bank angle -- graphics data array for the attitude gyro
angle of bank pointer.

IBLANK Blank -- graphics data array used to blank out another
graphics data array.

ICMPS Compass -- graphics data array for the compass heading
scale.

ICOMP Compass -- t,3xt array for the compass heading numbers.

ICOPS Initial character position -- fixes the lateral position
on the graphics display of the first character in a
text array.

IDEV Device number -- the number I or 2 which specifies the
graphics processor to be used.

IDVI Direction velocity indicator -- graphics data array for
the direction velocity indicator scales.

IDVIL Direction velocity indicator lines -- graphics data array
for the direction velocity inicetor speed lines.

iER Error parameter returned &fLer calls to LXINIT, DTPINIE"
GRAPHO or TEXTQ.

IFIAG Integer counter -- counts nunber of tines throuh dyntoraic
loop in FLY.

IGD Graphics directory -- argument of DGINIT.

IH9AR Horizon bar -- graphics data array for the attitude gyro
artificial horizon line.

IHEAD Ex:tcrnal subprogram used to generate the first word of a
graphics array.

IHDG Headir, -- graphics data array for the compass headin:
pointer.

IMAP Miniature airplane -- grAphics dnta array for the attitude
gyro miniature airplane refevence.

INDYM Instrumont dynmrri.es -- ;rs;phics datn ar.ty for thn ,rovir.,

(dynnmic) portions of the instrument display.

INT Converts n number to An intoer -- intrinsic subprogram.

INST Instrument -- subpro.jrn:n which -.ennrittes the dynAric
portions of th, inte-itrt,,d dis-o1ay.
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IPACK External subprogram used to generate words of a graphics

array.

IPSI PSI converted to integer value.

IPBAR Pitch bar -- graphics data array for the attitude gyro
pitch line.

ISLIP Slip -- graphics data array for the slip indicator center
marks.

ISPD Speed -- graphics data array for the airspeed scale.

ISPD? Speed pointer -- graphics data array for the airspeed
pointer.

ITD Text directory -- argument of DTINIT.

ITURN Turn -- graphics data array for the turn indicator scale.

ITURNI Turn indicator -- graphics data array for the turn needle.

IVGI Vertical gyro indicator -- graphics data array for the
attitude gyro angle of bank scale.

IVSI Vertical speed indicator -- graphics data array for the
vertical speed indicator scale.

IVSIP Vertical speed indicator pointer -- graphics data array
for the vertical speed indicator pointer.

iX Integer X -- integer value of XE.

IY Integer Y -- integer value of YE.

J Inteer counter.

JFLAG Integer flag used to control accumulation of hover time.

K Integer counter.

K2 Integer value retained for later comparison.

KFLAG Intoger flag used to control. accumulation of RMS
performance parameters.

KSAV K save -- saves value of K for later eompnrison.
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L Integer counter.

LN Line number -- specifies line position of a text block.

LNO Same as U1 except refers to initial line.

LVI L(u)

MAU MANu)

MBICU MB (=
MBIc()

NBLK Block number -- refers to graphics data blocks.

W D Number of words in the graphics directory -- argiment of
DGINIT.

NRUN (u)

NTD Number of words in the text directory -- argument of

DTIIIT.

NULL Null -- text arr&y of blank spaces.

NVU Nv(u)

P P

PHI 4

PHIDOT

PHIDTS 4 scaled for the analom computor.

PITCH 9 limite- to t 500 .

POTSET Subprogrnm which places the e.nelog computer in the YOTSET
mode.

PSI '

PSIDTG ' scaled to dcrees.

PSIDOT

PSIDTS 4' sealed for the nrAlo computor.
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Q q

R r

RO Initial radius -- radial distance from the center of the
attitude gyro to the angle of bank scale marks.

RADALT Radar altimeter -- scaled value of altitude sent to cockpit
radar altimeter.

RB Radius to base -- radial distance from the center of the
attitude gyro to the base of the triangular angle of
bank pointer.

READCLOCK External subprogram used to read the present value of
the analog computer clock.

RESET Reset -- subprogram which places analog computer in Reset
mode.

RL Radial line -- length of the radial line segment used for
the attitude gyro angle of bank scale marks.

RMSTIM Root mean square time -- time interval used to compute
performance parameters.

ROLL Roll -- angular position of the attitude gyro angle of
bank scale marks.

RP Radius to point -- radial distance from the center of the
attitude Vro to the point of the angle of bank

pointer.

SETLINES External subprogram used to sot anslog computer logic.

SETPOT ExternAl subprogram used to set the analog computer
potentiometers.

SCALE Scale -- multiplying factor to convert . 5 inches to
t I units for grnphics processor.

SIN Sine -- intrinsic subprogram.

SIINPHI Sine of PHI.

SINPSI Sine of PSI.

SITiIFE Sine of TlC-TA.

SQRT Squaro root -in 4.rin:;i ,- 
wu'lJrogrniG.

1~'
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STARTCLOCK External subprogram used to start the analog computer
clock.

STOPCLOCK External subprogram used to stop the analog computer
clock.

TEST External subprogram used to test the logic of specified

analog trunk lines.

TEXTO External subprogram used to output a text array to the
graphics processor.

THEDOT

THEDTS scaled for the analog computer.

THETA 8

THETIC Initial condition on e.
TNEX New time.

TOLD Old time.

U U

Ul Value of airspeed used in the linear interpolation
subroutine.

U2 Value of airspeed used in the linear interpolation
subroutine.

UK u scaled to knots.

UKTS u scaled to knots.

V v

V1 IntermediAte calculation fo-' VX aryn VY.

V2 Intermediate calculation for VX and VY.

VX Inertinl velocity alon the x-axis.

VXPMS Root mean square value of VX. Used as a performance
parameter.
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Y "Inertial velocity along the y-axis.

VYRW. Root mean square value of VY. Used as a performance
parameter.

VZ Inertial velocity along the z-axis.

VZRMS Root mean square value of VZ. Used as a performance
parameter.

VZS VZ scaled for the analog computer.

w V

WRITECLOCK External subprogram used to set the analog computer
clock to a specified value.

I
X x coordinate position used for graphics construction.

I

XO X initial -- initial x coordinate position used for
graphics construction.

XOALT XO for the radar altimeter scale.

XODVI XO for the direction velocity indicator scale.

XOHDG XO for the coripAss heading pointer.

XOSLIP XG for the slip indicator scale.

XOSPD XO for the airspeed scale.

XOTURN XO for the turn rte scale.

XOVSI XC for the verticpl speed scale. I

XAU XA(u)

XCEN x center -- x coordinate pNition for the center of the
attitude gro.

XE x earth -- x coordinate position of the helicopter in the
inertial. roferenuo axes.

XERYIS XE root nxeAn rouare -- used as a porformance parameter.

XLEFT x left -- x cocrdinate positJon of the left end of the
dirnc+,io) voloctty tnto rqftr speed line.
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XP x pointer -- x coordinate position for the point of a
scale pointer.

XPALT XP for the radar altimeter scale pointer.

XPSPD XP for the airspeed scale pointer.

X!VSI XP for the vertical speed scale pointer.

XRIGHT x right -- x coordinate position for the right end of the
direction velocity indicator speed line.

XTHCU X 8O(u)

Y y coordinate position used for graphics construction.

YO y initial -- initial x coordinate position used for
graphics construction.

YOALT YO for the radar altimeter scale.

YODVI YO for the direction velocity indicator scale.

YOHm YO for the compass heading pointer.

YOSLIP YO for the slip indicator scale.

YOSPD YO for the airspeed scale.

YOTURN YO for the turn rate scale.

YOVSI YO for the vertical speed scale.

YBOT y bottom -- y coordinate position for the bottom end of'
the direction velocity indicator speed line.

YCEN y center -- y coordinate position for the conter- of the
attitude gyro.

YE y earth -- y coordinate positi.on of the helicopter in
the inertial reference axes.

YERMS YE root mean square -- used as a pcrforrnanca .rprietor.

YP y pointer -- y coordinate position for the point of a
scale pointer.

YTOP y top -- y coordinate position for tho top end of the
direction velocity indicator speed line.
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ZAU ZA(U)

ZBICU Z (u)

ZE z earth -- z coordinate position for the helicopter in
the inertial reference axes (altitude).

ZEIC ZE initial cordition -- starting value of ZE.

ZERMS ZE root mean square -- used as a performance parameter.

ZES ZE scaled for the analog computer.

ZWU Z.,(u)
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APPENDIX C

ANALOG COKPUTER PROGRAM

This appendix contains a listing of the trunk lines between the

analog computer and the cockpit together vith the signal carried; a -

listing of the analog computer potentiometer settirvs; and the patching

diagrams for the analog computer program.
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TOO 200AGC

TOO 200AA1.c

T002 100 ABlc

T003 +30 VDC

T004 -30 VDC

T005 AIRSPEED

T006 BALL

TO07 TURN NEEDLE

TO0 HEADIN3

TOll ALTIMETER

T014 RADAR ALTIL'STE-R

T015 PITCH ATTITUDE

T016 ROLL ATTITUDE

T017 VERTICAL SPJSD

T020 50 0 A GR

T023 "FLY"

T024 "STOP"

T025 "QUIT"

T026 "RERUN"

T030 COORDINATED TURN

T041 "DISPLAY TYPE"

TABL CI. -" USS OF TRUNK LINES
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POT NUXM'ER SETTING POT NUMBER SETTING

000 .0890 032 .9127

001 .4724 033 .1021

002 .1320 034 .6062

003 .2006 035 .2598

004 .o869 036 .4000

005 .1962 037 .2500

006 .0800 040 .1093

010 .0100 041 .0018

O11 .1224 042 .4692

012 .2500 043 .1186

013 .1250 044 .4000

014 .0100 045 .1.250

015 .0838 046 .6250

016 .0250 047 .2500

017 .7075 050 .3200

020 .7853 051 .1041

021 .0389 052 .2000

022 .1066 053 .1052

023 .0241 054 .1052

024 .2000 055 .6282

025 .5000 056 .5000

026 .0235 400 .2000

027 .0845 401 .2000

030 .4000 436 .3000

031 .1816 437 .3000

TABLE CII. -- ANALO3 CO:",PUT"rR P0TINTI:::;-,tR ,:'r
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"IFLY" -20.

+30.
0

D S

STRPRU2"

+30.

00

"QITRTD -20.

+30.

DS3
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P005 Po

+100 100 472

P004 P0

+50 .0e869 .F> -080 AO007 .4

,ooL~ .003

ICA-G -i

-25R - x.50W

2W - Y 501
-2W -Y

T403



P027

-2v .0845 Ix

P026

-200p .0285 7

P01A02 .4000 A031 +2v -

500L6 1816

P023 -
2 00R e.0241]

P02 2

200AAICA .0610

-25C P

==>- I
125R -. RI
.4 U Y

-. 4U -y1>

Y FORCE EQUATION
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A71T422 ZA

P053 P5

.Q10046.05

P051

-2OOAec .1041 10 A050 .2000 1 03 2

T4020

IAO[4 A201 -2

250 _002

-A4U y
.4U -Y 1

M.003

Zv y
-2V -Y

T404
10068 ~ xIC

0 ~ICA

P050

-11.300 ZAG

Z F~kO'E EQUATION
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P033

200 R .1021

P034

-200 P .62

50A 29

ZOOAICA 9127AIZ 50P

200AA P200
ICA 10

A036 4000 A037 20

P01710

2V XA034 -200Op

R-LL MOE-XQATO
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1003 IMAU

P020

-100
t ooAq. .038 A024 .2000 10A025

00 ~ T400X

ICA
A2136RIOA x

-DTCHC MOMEN EQUATIO

~P017



P040

50 0 .1096

A200 -Zp

P0446

20 R OR().25 27 -5

ICA

P0435C

YA5MMETEQATO



AOOO 2 0AAIC

ROLL AUGMENTATION

-186.29 .083 1OI 100ABICA

L-A202 -100,68C

PITCH AUGMENTATION
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"36.04'I 
-

50 DARC A061 -50 0 R A 8 RA1i i
A06A

4;

L071
500

T _ fA ->A042- 500 AORA

rT 512

YAW AUGMENTATION

30. -20. T

0
T01- C03 N200 N 214 N 215

9so

H I H (AO55)
N 417 N216

COORDINATED TURN
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T191

ROLL ANGLE

18.2

T424A0

PITCHI ANGLE

RADAR ALTIMETER

AIRSPEED INDICATOR

VERTICAL SPEED INDICATOR
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268.5 ' AOSS T8. =0. O0O

P055
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YAW ANGLE



APPENDIX D

PILOT QUALIFICATIONS AND RATIM~S

FLIGHT HELICOPTER INSTRUM.ENT CONVENTIONAL INTEORATED -

PILOT HOU RS HOURS HOURS INTUET DISPIAY

A 1100 980 205 8 8

B 2512 2313 296 7 6

C 1000 800 150 io 9

D 1130 975 215 9 8

E 11450 1050 24.0 8 8
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